We report on the observation of symmetry breaking and the circular photogalvanic effect in Cdx Hg1-x Te alloys. We demonstrate that irradiation of bulk epitaxial films with circularly polarized terahertz radiation leads to the circular photogalvanic effect (CPGE) yielding a photocurrent whose direction reverses upon switching the photon helicity. This effect is forbidden in bulk zinc-blende crystals by symmetry arguments, therefore, its observation indicates either the symmetry reduction of bulk material or that the photocurrent is excited in the topological surface states formed in a material with low Cadmium concentration. We show that the bulk states play a crucial role because the CPGE was also clearly detected in samples with non-inverted band structure. We suggest that strain is a reason of the symmetry reduction. We develop a theory of the CPGE showing that the photocurrent results from the quantum interference of different pathways contributing to the free-carrier absorption (Drude-like) of monochromatic radiation. arXiv:1911.01936v1 [cond-mat.mes-hall] 
I. INTRODUCTION
Cd x Hg 1 -x Te alloy, also known as MCT (Mercury Cadmium Telluride), is one of the most leading materials used for sensitive and fast infrared detectors [1] [2] [3] [4] [5] [6] [7] . Wide bandgap tunability of these materials allows radiation detection in an extremely wide frequency range, spanning from near-to mid-infrared wavelength. Furthermore, it has been used for the development of terahertz (THz) radiation detection, see e.g. Refs. [8] [9] [10] [11] [12] . The introduction of the concept of topological insulators (TIs) [13] [14] [15] attracted great attention to novel aspects of Cd x Hg 1 -x Te compounds as well as low dimensional quantum heterostructures based on these materials. The reason for that is the inverted band structure in HgTe and Cd x Hg 1 -x Te with a Cadmium concentration not exceeding the critical value x c [16] [17] [18] [19] [20] , which is a crucial condition for the formation of helical surface or edge states [14, 15, [20] [21] [22] [23] [24] [25] . In comparison to other materials with a non-trivial band structure, CdHgTe-based compounds seem to be more promising due to their very high carrier mobility and feasibility to suppress effects from three-dimensional carriers in the sample volume. This is also supported by the well developed technological process originally motivated by the fabrication of detectors which has been adapted for the growth of TI materials on demand. The observation of Kane fermions in bulk Cd x Hg 1 -x Te crystals [17] [18] [19] , quantum spin Hall effect [25] [26] [27] and helical edge photocurrents in CdHgTe/HgTe/CdHgTe quantum wells [28] as well as the demonstration of Dirac surface states in 3D TI made of strained HgTe [29] [30] [31] [32] [33] , are some important achievements in the physics of topological insulators. In the case of bulk Cd x Hg 1 -x Te crystals the formation of helical surface states becomes possible due to the fact that the proper choice of the amount of Cadmium in the alloy yields an inversion of the band ordering, see e.g. [17, 19, 34] . Furthermore, in materials with low x the band structure can be changed from normal to inverted band ordering simply by a variation of the temperature, T [19] . Such x-and T -driven band inversions give rise to a large variety of novel physical concepts including the Veselago lenses [35] , development of long wavelength lasers with suppression of the Auger processes [36, 37] , etc.
In all publications discussing the band structure, transport phenomena, opto-electronic effects, and magnetooptical properties of Cd x Hg 1 -x Te films the point group symmetry of the crystal is considered to be T d . This follows from the crystallographic structure of the system. Here, investigating terahertz radiation induced photogalvanic currents in Cd x Hg 1 -x Te films with an inverted band structure we surprisingly observed a well pronounced circular photogalvanic effect (CPGE) [38, 39] , whose prerequisite is gyrotropy. Consequently, by symmetry arguments it is forbidden in the non-gyrotropic T d group. Therefore, the CPGE observation indicates either (i) the symmetry reduction of the bulk material or (ii) excitation of the photocurrent in the topological surface states formed in the material with low Cadmium concentration. We performed a careful study of terahertz radiation induced CPGE in bulk Cd x Hg 1 -x Te films with structure compositions similar to that in most of the previous studies of topological surface states in this material. We show that an attempt to ascribe the generation of the CPGE solely to the helical topological surface states fails, because pronounced CPGE is also detected in crystals with x above the critical one, which, correspondently, are characterized by a normal band ordering. To explain the origin of the observed CPGE, we suggest that the studied epitaxial films are strained and the actual symmetry of the crystal is reduced. In strained zinc-blende-type crystals, CPGE may emerge [40] . We develop a microscopic theory of the CPGE for the Drude-like indirect optical transitions in bulk crystals induced by terahertz radiation, which describes well the experimental findings. We show that the radiation helicity sensitive photocurrent stems from the interference of virtual transitions via the conduction and valence bands contributing to the real optical transitions.
II. SAMPLES AND METHODS
We studied Cd x Hg 1 -x Te layers with graded band gap layers at absorber boundaries grown by molecular beam epitaxy on semi-insulating (013)-oriented GaAs substrates. ZnTn (30 nm thick) and CdTe (6 µm thick) buffer layers [41] were fabricated on top of the GaAs substrates. The structure composition is shown in Fig. 1 (a) . The samples were quadratically shaped with approximate dimensions of 5 × 5 mm 2 , see Fig. 1 (b). Four samples with different profiles of the Cadmium concentration x were prepared, see Fig. 1 (c)-(f). In three of these samples (#A,#C, and #D) the active layers with constant x contents were sandwiched (surrounded) by regions with gradually growing Cadmium concentration. In sample #B, by contrast, the active layer was capped by 30 nm Cd 0.85 Hg 0.15 Te. Note that due to the Fermi level position free carriers are located in the active layer and, in the films with x < x c in the topological surface states. The samples were supplied with several indium-soldered contacts bonded to a chip holder, see Fig. 1 
As a radiation source for the photocurrent measurements two types of molecular gas THz lasers were used: On the one hand, a continuous wave (cw) laser with a power P of up to 60 mW [42] , on the other hand a pulsed laser with a pulse duration of about 100 ns, a repetition rate of 1 Hz and a peak power P of up to 60 kW [43] [44] [45] . The lasers emitted frequency lines in the range between 0.6 and 2.6 THz. The nearly gaussian-shaped beam, controlled by pyroelectric camera [46] , was focused onto the sample using a parabolic mirror. The beam spot diameter varied, depending on the radiation frequency, from 1.5 to 3 mm. The initially linearly polarized radiation was modified applying lambda-quarter plates made from crystal quartz. The rotation of these plates by the angle ϕ with respect to the initial laser polarization plane resulted in the controllable variation of the radiation polarization state. By that the degree of circular polarization P circ was changed according to
where I σ + (I σ − ) is the intensity of the right-(left-) handed circularly polarized radiation part. The Stokes parameters defining the degrees of linear polarization were varied according to [47] P L1 = cos(4ϕ) + 1 2 , P L2 = sin(4ϕ) 2 .
(2)
THz radiation was applied at normal incidence or at oblique incidence with an angle of incidence θ. The photocurrent was measured as a voltage drop across a load resistor, see Fig. 1 (b), or as the voltage drop over the sample itself. The measurements were carried out in an optical cryostat which allowed us to access a temperature range from liquid helium to room temperature.
III. RESULTS
The circular photocurrent was first observed at liquid helium temperature in samples #A and #B with x = 0.15 being characterized by the inverted band structure. Figure 2 shows the data obtained at normally incident radiation of low power cw radiation with frequencies 1.63 and 2.54 THz. The overall polarization dependences can be well fitted by
In both samples the total photocurrent is dominated by the circular photocurrent described by the first term in Eq. (3) proportional to the coefficient J c , and the polarization independent offset, J 0 . Contributions proportional to the degrees of linear polarization, while being present, are substantially smaller. Generally, in non-centrosymmetric bulk Cd x Hg 1 -x Te crystals polarization independent photocurrents as well as those proportional to the degree of linear polarization can stem from linear photogalvanic or photon drag effects [38, 39, 48] . These effects are well known for other non-centrosymmetric materials and are out of scope of our paper. By contrast, in such crystals the circular photocurrent is forbidden by symmetry arguments. Therefore, below we focus on the origin and properties of this photocurrent. Analyzing the circular photocurrent further we applied radiation at oblique incidence, see inset in Fig. 2 (a) . This measurements demonstrated that the circular current
Samples #A and #B at liquid helium temperature have a Cd concentration in the active layer lower than the critical one and, therefore, are characterized by an inverted band ordering. The latter results in the formation of topological surface states. These states, at least for samples with an abrupt increase of the Cadmium concentration x, like in the top layer of sample #B, are two-dimensional and, therefore, are characterized by reduced symmetry. Consequently, in such states the circular photogalvanic effect becomes possible. To prove that formation of the surface states is an unambiguous requirement for the generation of the circular photocurrent in the bulk Cd x Hg 1 -x Te crystals we carried out measurements at liquid helium temperature in samples with normal band ordering (sample #D, active layer x = 0.22) and with almost linear dispersion (sample #C, active layer with Cadmium concentration x = 0.18 being close to the critical one). Figure 3 shows the data obtained applying normally incident radiation of a cw laser operating at frequencies 0.69, 1.63, and 2.54 THz. In both cases the photocurrent can be well fitted by Eq. (3), surprisingly, with substantial contribution of the circular photocurrent. These results already rule out band inversion and topological states formation as a prerequisite of the CPGE in bulk Cd x Hg 1 -x Te crystals. Moreover, applying the radiation of high power pulsed lasers, which increases the sensitivity of the method, we observed that the circular photocurrent can clearly be detected even at room temperature. This is shown in Fig. 4 for samples #A and #C with x ≈ 0.15 and x ≈ 0.18. Previous studies of Cd x Hg 1 -x Te crystals demonstrated that at room temperature all our samples are characterized by a normal band order and no topological states are present.
Summarizing the experimental part, our experiments provide clear evidence for the generation of the circular photogalvanic effect in bulk Cd x Hg 1 -x Te crystals with both inverted and normal band orderings, as well as for samples with critical Cadmium concentration characterized by an almost linear energy dispersion. The fact that the CPGE is clearly detected for samples with x larger than the critical one demonstrates that the CPGE generation is not limited to the films with topological surface states.
IV. THEORY AND DISCUSSION

A. Symmetry analysis
Bulk Cd x Hg 1 -x Te has nominally zinc-blende crystal structure which is described by the T d point group. De- spite the fact that the group lacks the center of space inversion, it is non-gyrotropic and does not support CPGE [38] . However, if the spatial symmetry of the crystal is reduced further, CPGE may emerge. The most likely origin of the symmetry reduction in our samples is strain stemming, e.g., from lattice mismatch at the Cd x Hg 1 -x Te film interfaces. [49] .
In strained zinc-blende crystals, CPGE can occur [40] . To first order in strain, the dependence of the CPGE current density j on the static strain tensor u is described by
whereê = q/q is the unit vector pointing along the photon wave vector q, I is the local intensity of radiation, and x [100], y [010], and z [001] are the cubic axes. The parameters χ 1 and χ 2 are linearly independent and describe the contributions to the photocurrent caused by normal and shear strain, respectively [40] . The CPGE current vanishes in the case of hydrostatic strain that does not disturb the crystal symmetry. Phenomenological Eqs. (5) can be readily constructed using the theory of group representations. In (013)-grown structures experimentally studied in our work, the tensor of strain induced by the lattice mismatch has four non-zero components u xx , u yy , u zz , and u yz in the coordinate frame x [100], y [031], and z [013] relevant to the structure orientation. Typically, the components u xx and u yy at the interfaces are determined by the lattice mismatch between the film and the buffer layer and are equal to each other. The other components, u zz and u yz , can be found by minimizing the elastic energy, see, e.g., Ref. [33] .
In the experiment on (013)-grown samples described above, we study the photocurrent excited by normally incident radiation (θ = 0). For this geometry,ê z and Eqs. (5) take the form j y = (χ 1 +χ 2 )(u zz −u yy ) sin 2φ 2 +χ 2 u yz cos 2φ IP circ ,
where φ is the angle between [001] and [013], φ = arctan(1/3).
A substantial photocurrent excited at normal incidence and sensitive to the degree of circular polarization P circ has been detected in all samples for all frequencies and temperatures used, see In addition to the helicity driven photocurrent at normal incidence experiment shows that tilting the light by an angle of incidence θ results in an additional photocurrent proportional to the degree of circular polarization P circ being proportional to sin θ, see inset in Fig. 2(a) . To describe the photocurrent at oblique incidence of radiation one should also take into account all components ofê. Forê = (sin θ cos ϑ, sin θ sin ϑ, cos θ) in the x, y, z coordinate frame Eqs. (5) transforms into j x = −χ 1 sin θ cos ϑ[(u zz − u yy ) cos 2φ + 2u yz sin 2φ]IP circ , j y = cos θ (χ 1 + χ 2 )(u zz − u yy ) sin 2φ 2 + χ 2 u yz cos 2φ
here ϑ describes position of the plane of incidence with respect to the crystallographic axes, which in the experiment is unknown. One can clearly see that even for arbitrary ϑ contributions of the photocurrent proportional to sin θ are present, which corresponds to J c in Eq. (4) describing experimental data in the inset in Fig. 2(a) . Now we turn to the microscopic mechanism of the photocurrent generation. We consider Cd x Hg 1 -x Te with the content of Hg below the critical value of the transition to a 3D topological insulator. The samples have the conventional band structure with the Γ 6 conduction band and the Γ 8 valence band. The band gap is larger than the photon energy of THz radiation and free carriers are present in the sample. Therefore, the radiation is absorbed via indirect optical transitions (Drude-like) in the conduction band, see Fig. 5 . These transitions are assisted by the scattering of electrons by phonons or static defects of the structure to simultaneously satisfy the laws of energy and quasi-momentum conservation. Indirect optical transitions are described by the second-order perturbation theory involving virtual processes via intermediate states. The matrix element of the real transition from the initial state i = (k, s), where k is the wave vector and s is the spin index, to the final state f = (k , s ) is given by the sum of the compound matrix elements of the virtual transitions via all possible intermediate states j,
where V f j and R ji are the matrix elements of the electron scattering and electron-phonon interaction, respectively, and E j is the total energy of the system in the j state.
The main contribution to radiation absorption comes from the virtual transitions with intermediate states in the conduction band, Fig. 6 . There are two types of such processes: the processes where electron-photon interaction is followed by electron scattering [shown in Fig. 6 (a) ] and the processes with the opposite order [shown in Fig. 6 (b) ]. The virtual transitions via the conductionband states describe well the Drude absorption. However, they are not sensitive to the circular polarization of the radiation and do not introduce asymmetry in the electron distribution in the k space.
To obtain the photocurrent, one should also take into account the virtual transitions with intermediate states in the valence band [50] . Figures 6 (c)-6 (f) sketch four possible processes of such type via the heavy-hole and the light-hole bands. Due to the selection rules for interband optical transitions, these processes are sensitive to the radiation helicity [51] . Moreover, their contributions can be quite large because the band gap in CdHgTe samples, and correspondingly the denominator in Eq. (8), is small.
The probability of the real transitions (k, s) → (k , s ) is determined by the squared modulus of the matrix element
where M . The term does not vanish in non-centrosymmetric crystals and is responsible for the circular photogalvanic effect [50] .
The circular photocurrent emerges only in strained crystals. Therefore, in the calculation of the matrix elements of the virtual transitions we also take into account the mixing of the states by the static strain. Otherwise, the photocurrent vanishes in agreement with the symmetry analysis presented above. The strain-induced mixing of the heavy-hole and light-hole states is schematically shown in Fig. 6 as a distortion of the valence-band spectrum.
To summarize, the microscopic model takes into account two ingredients essential for the CPGE: (i) the lack of space inversion center in the crystal which enables the interference of the optical transition pathways via the conduction and valence bands and (ii) the strain-induced mixing of the states.
We calculate the photocurrent in the 6-band Kane model considering the static strain of the crystal and the electron scattering by acoustic phonons. In the basis of the Γ 6 and Γ 8 states, the Kane Hamiltonian has the form [52] 
where 0 2 is the 2 × 2 zero matrix, I 4 is the 4 × 4 identity matrix,
and P is the Kane parameter. The Hamiltonian (10) describes six eigenstates: the conduction-band states |e, k, ±1/2 with the dispersion ε c,k = 2 k 2 /(2m * ), the states in the light-hole subband |lh, k, ±1/2 with the dispersion ε lh,k = −E g − 2 k 2 /(2m * ), and the dispersionless states in the heavy-hole subband |hh, k, ±3/2 with the energy ε hh = −E g . Here, m * = 3 2 E g /(4P 2 ) is the effective mass. The Hamiltonian of electron-photon interaction is given by
where e is the electron charge, c is the speed of light, A is the vector potential of the electromagnetic field related to the radiation intensity I by I = A 2 ω 2 n ω /(2πc), and n ω is the refractive index of the crystal. The strain Hamiltonian in the 6-band model is given by
where Ξ c in the conduction-band deformation potential, is the strain tensor, V BP is the Bir-Pikus Hamiltonian which, in the spherical approximation, has the form [52] 
a and b are the valence-band deformation potentials, J α are the matrices of the angular momentum 3/2, and V cv is the part describing the strain-induced coupling of the Γ 6 and Γ 8 states in zinc-blende crystals [51, 53] ,
and Ξ cv is the interband deformation potential. The Hamiltonian (13) is used to calculate both the mixing of the states by the static strain u and the electron scattering by longitudinal acoustic (LA) phonons. The tensor of strain produced by the LA phonons is given by
where q is the phonon wave vector, ρ is the crystal density, Ω q = c s q is the photon frequency, c s is the speed of longitudinal sound, and a q and a † q are the operators of phonon annihilation and creation, respectively. We assume that the photon frequency ω considerably exceeds both the frequency of phonons involved in scattering Ω |k −k| and the scattering rate τ −1 , and that the phonon occupation numbers are large, i.e., k B T /( Ω |k −k| ) 1, where T is the temperature. To the first order in the wave vector, the matrix elements of the virtual transitions via the conduction band with the absorption of a photon and the simultaneous emission (+) or absorption (−) of a LA phonon has the form In calculating the matrix elements of the virtual transitions via the valence band we take into account the mixing of the heavy-hole and light-hole stated by the static strain. The corresponding contribution to M (v) k s ,ks proportional to the static strain can be obtained by the third-order perturbation theory and is given by
where the indexes m and n run over the valence subbands. The matrix elements of electron scattering with the emission or absorption of a LA phonon V (±) k s ,km and the matrix elements of heavy-hole-light-hole mixing by the static strain U km,kn are calculated using the strain Hamiltonian (13) . The exact analytical expression for M (v) k s ,ks is too cumbersome to be printed. An estimation capturing the dependence on the band-structure parameters and deformation potentials is the following M (19) where τ is the momentum relaxation time, v = k/m * is the electron velocity, and f (ε ck ) is the equilibrium Fermi-Dirac distribution function.
Labour-consuming calculation of Eq. (19) with the matrix elements (17) and (18) yields the CPGE current (5) with the coefficients
and χ 2 = −(5/3)χ 1 . Now using Eq. (6) one can already obtain the equation for the in-plane photocurrent which describes well all major experimental findings. To proceed further, we assume that the momentum relaxation of electrons is also determined by the electron-phonon interaction. For quasi-elastic scattering by LA phonons, the momentum relaxation time depends on energy and has the form
The relaxation time of the average electron velocity in the model of the drifting electron gas is given by
which gives
wherek
is the mean value of |k|. Taking into account Eq. (23) and m * = 3 2 E g /(4P 2 ), we can rewrite Eq. (20) in the form
In the case when the photon energy ω is much less than the mean electron energyε, Eq. (25) takes the form
where N e = 2 k f ε k is the electron density. Finally, the in-plane photocurrent induced at normal incidence of radiation in (013)-oriented films is given by
This equation describes the observed polarization dependence of the photocurrent, its almost linear increase with the frequency decrease as well as drastic increase of the photocurrent magnitude by cooling the sample from room to liquid helium temperature. Indeed, the proportionality of the photocurrent J c to the radiation helicity P circ has already been addressed above and is clearly Fig. 7 presenting the circular photocurrent as a function of the radiation frequency shows that it varies after J c ∝ 1/ω, which agrees with Eq. 27. Results obtained for samples with different Cd contents x and temperatures, are characterized by substantially different energy gaps. According to Eq. 27 the latter should strongly affect the circular photocurrent magnitude yielding drastic increase of the current amplitude upon the energy gap reduction (J c ∝ 1/E 4 g ). Figure 7 and Tab. I present the magnitude of the circular photocurrent obtained for different samples and temperatures. Note that to make comparison of data obtained at different frequencies possible, we used the fact that J c ∝ 1/ω and normalized the data to the radiation frequency. The figure reveals that at fixed temperature, either 300 K or 4.2 K, J c /P substantially reduces with the band gap increase, see Table I . Furthermore, comparing the photocurrent magnitudes in each individual sample we see that the photocurrent is increased by more than two orders of magnitude at the temperature decrease from 300 to 4.2 K. This fact is in agreement with substantial reduction of the band gap at low temperatures. The values of E g for different sample compositions x and temperatures are taken from Refs. [19, 34, 54] . We note that for samples #A and #B at 4.2 K, the band gap becomes negative and applicability of Eq. 27 is not justified. Now we estimate from the room temperature experiment the strain u = 2 5 (u zz − u yy ) sin 2φ 2 − u yz cos 2φ .
Room temperature data are used because, under these conditions, all the samples have a normal band dispersion, thus no topologically protected surface states can be formed and this case is relevant to the above derived equation for the photocurrent. The current density j c was obtained from the photocurrent J c measured in experiment after j c /I = J c /P · S beam /(d · d beam ), where d is the width of the conducting channel, d beam is the radiation beam diameter and S beam is the beam area. Note that while for room temperature results this calculation seems to be reasonable at helium temperatures it is not straightforward, because free carriers and, consequently, the current may be distributed inhomogeneous across the sample. The latter unknown factor makes a quantitative comparison of 4.2 K data with the theory difficult. Table I presents the strain u obtained using the parameters 2m 0 (P/ ) 2 = 18.8 eV [55] , b = −1.4 eV, and n ω = 4.6 [56] . While the rate Ξ cv /Ξ c is unknown for HgTe, we use Ξ cv /Ξ c = 0.3 for GaAs [53] . Table I shows that the strain u in samples with different compositions varies from 1.6 × 10 −7 to 6.9 × 10 −6 and is well below the strain u max = 1.52 × 10 −3 estimated by minimizing the elastic energy for pure HgTe (x = 0) deposited on CdTe substrate. [33] . We note that a small value of the strain is not surprising because we deal with thick films. Under this condition strain is expected to be z-coordinate dependent and be strongest at the bottom boundary. Finally we note that other possible sources of the CPGE in the films made of non-gyrotropic crystals are (i) other (unrelated to strain) mechanics of bulk symmetry reduction; (ii) interface related effects, such as 2D electron states, which may occur at the interfaces or anisotropic scattering of bulk electrons at the interfaces; and (iii) topological surface states for samples with x < x c . A photocurrent sensitive to the helicity of incident photons can also emerge as a result of the circular-to-linear polarization conversion in a birefringent medium and the linear photogalvanic effect (LPGE). This scenario can be excluded since the birefringence in the THz range is very weak while the detected CPGE and LPGE currents are comparable.
V. SUMMARY
To summarize, we demonstrate in our work the symmetry breaking in CdHgTe structures resulting in a helicitysensitive photogalvanic current with opposite directions for excitation with right-and left-handed circularly polarized radiation. The circular photocurrent is present in films with different Cadmium concentrations as well as in a wide temperature range, which supports the conclusion of the strain-induced symmetry reduction. The developed theoretical model describes the experimental data in second-order perturbation theory considering the interference of matrix elements in the probability of indirect Drude-like optical transitions involving virtual processes via intermediate states. 
VI. ACKNOWLEDGMENTS
The support from the CENTERA, DFG priority program SFB 1277 (project A04), the Elite Network of Bavaria (K-NW-2013-247), the Volkswagen Stiftung Program, and the Program N13 of the Presidium of the RAS is gratefully acknowledged.
I. Y. thanks the National Science Centre, Poland, (grant No. UMO-2017/25/N/ST3/00408) for support. G.V.B. also acknowledges support from the "BASIS" foundation.
